Abstract. The device-related parameters of 0.5eV Ga0.75In0.25Sb TPV cell were analyzed by considering the effects of carrier recombination and incident radiation spectra. Regarding the investigated device, we had demonstrated that the optimum structure of the device consisted of a 0.2-0.5μm n-type baser and a 4.5-6μm p-type emitter with a doping concentration of 1-3×10 17 cm -3 . The Auger recombination sets an ultimate limit on performance of the device; however, it needs a dislocation density of Nt<4×10
Introduction
Thermophotovoltaic (TPV) systems are of great interest for a variety of terrestrial and space power conversion applications [1] [2] [3] [4] . A typical TPV system consists of a heat source, a radiator, a filter, and an array of TPV cells. The main differences between TPV and solar photovoltaic systems are the lower temperature radiator and the capacity of spectral control in the TPV system [1] . So, it is necessary to adjust the energy bandgap (Eg) of the semiconductor to match the radiation spectrum in order to achieve the maximum energy conversion efficiency.
GaInSb, an antimonide-based ternary alloy with a large bandgap range (0.17-0.72eV), has showed promising performance in a TPV cell that utilized low temperature radiators [5] [6] [7] . By varying the indium composition of GaInSb alloy, the Eg could be tuned to optimize the conversion efficiency (ηcel). The ηcel is mainly related to the basic device properties (e.g. short-circuit current density (JSC), open-circuit voltage (VOC), and fill factor (FF)), which are primarily determined by material parameters, device structures, and incident radiation spectrum. Especially, the lattice constant of GaInSb is different to that of the GaSb substrate and results in strained growth and high-dislocation densities. In order to mitigate this problem, buffers (such as compositionally step-graded layer, metamorphic layer etc.) were used to accommodate the epitaxial layer and GaSb substrate, which allowed the active GaInSb layers to grow with low dislocation densities [8] . The effect of dislocations in GaInSb PIN photodiode had been analyzed [7] . It shows that dislocations can operate as a shunt to increase the Shockley-Read-Hall (SRH) recombination rate and dark current (J0). Thus, it is crucial to have a thorough understanding of the effects of above-mentioned factors to design and fabricate optimal GaxIn1-xSb TPV cells. The theoretical device simulations are particularly useful to accomplish such a task. Some results about the fabrications and characterizations of the GaxIn1-xSb TPV cells have been reported, but only a few works on their simulations have been reported [9] [10] . The purpose of this work is to enhance understanding of the device performance regarding dependence on material parameters through complete simulating of the GaInSb TPV cell. Firstly, a methodology is introduced to calculate material parameters and simulate the GaxIn1-xSb TPV cell through the numerical semiconductor simulation program Cogenda-TCAD [11] . Then, we present the simulated results and discuss the effects of material parameters and incident radiation spectrum, particularly the effects of carrier recombination and dislocation. Finally, the conclusions are given in the last section.
Methodology
Cody et al. reported that the maximum efficiency can be achieved with bandgaps between 0.3 and 0.7 eV and radiator temperatures from 1000 to 1800K [12] . In this work, we only present the simulation results of Ga0.75In0.25Sb (Eg=0.5eV) TPV cell. Since Ga0.75In0.25Sb was lattice-mismatched with GaSb, the compositionally step-graded layer was used as the buffer to accommodate the active Ga0.75In0.25Sb layer and GaSb substrate. Fig.1 shows a cross-sectional structure of the device, in which eight step Ga1-xInxSb layers were grown with equal thickness of 0.05μm and composition increments of x=0.03. 
Material Parameters
The simulating of device properties of TPV device was based on the material parameters including intrinsic carrier concentration (ni), minority carrier mobility (μe/h), absorption coefficient (α), and minority carrier recombination. In which, the ni can be calculated with Ashcroft's model [13] ; the carrier mobility of GaInSb can be interpolated from the related binary alloys (GaSb, InSb) under Mathiesen's rule; and the parameters of GaSb and InSb were directly taken from the existing Hall mobility data fitted to the Caughey-Thomas empirical model [14] . The absorption coefficients were calculated using Adachi's dielectric function model [15] [16] . Regarding the above-mentioned material parameters, some related theoretical models and formulas have been summarized in our previous papers [17] [18] . The numerical results of those parameters and their dependences on doping concentrations for Ga0.75In0.25Sb are presented in Table 1 . 
This work
The main carrier recombination mechanisms in Ga0.75In0.25Sb include Radiative, Auger, Bulk, and Surface/Interface Shockley-Read-Hall (SRH) trap-assisted recombination. The relevant theoretical models of these recombination mechanisms have also been summarized in our previous papers [13] . However, the effects caused by defects and dislocations should be seriously considered in the lattice-mismatched Ga0.75In0.25Sb/GaSb material system. The Bulk and Surface/Interface SRH recombination rates were modeled by:
The intrinsic SRH lifetimes(τSRH(n/p)) were written as:
in which, σ1 refers to the capture cross-section of minority carrier, Nt refers to the density of dislocation traps, me/h refers to the electron and hole effective mass, T refers to the temperature, and k refers to the Boltzmann constant. The numerical values of these parameters are listed in Table 1 . The defect states density(Nt) and surface recombination velocity(Sn/p) are determined by the growth quality of the buffer and the active Ga0.75In0.25Sb layer, which were parametrically varied based on the values reported in the experimental studies about epitaxial growth of GaInSb on GaSb substrate.
Ga0.75In0.25Sb TPV Device Model
This work considered to operate the Ga0.75In0.25Sb TPV cell with a broad-band SiC radiator. Based on the diode equation, the conversion efficiency(ηcel) of a TPV cell was defined as the maximum output electric power density(Pmax) divided by total incident radiation (Pin):
) refers to the Stefan-Boltzmann's constant, and ε(=0.9) refers to the effective emissivity that accounts for the non-blackbody emission of SiC [21] . In a real TPV system, the incident radiation spectra could also be affected by photo recirculation efficiency(R), e.g. the percentage of sub-bandgap energy photons that are reflected and reused by the radiator, which had not been considered in Eq.(4) but will be discussed in sec.4.2. It shows that ηcel is directly related to the basic device properties(e.g. short-circuit current density (JSC), open-circuit voltage (VOC), and fill factor (FF)) and the radiator's temperature(Trad). Regarding these device properties, the relevant theoretical models have been summarized in our previous papers [13] . We focus on the effects of the carrier recombination and dislocations that exert major influence on internal quantum efficiency and dark current density (J0) and limit the JSC and VOC. As previously mentioned, the dislocations also operates as a shunt, which can decrease the shunt resistance and simultaneously limit the VOC and FF. There have been few reports about the detailed relationship between dislocations and shunt resistance in the lattice-mismatched Ga0.75In0.25Sb/GaSb TPV cell. In this work, shunt resistance was parametrically varied to analyze its effects on device performances. In this work, the Ga0.75In0.25Sb TPV cell was simulated using the Congenda-TCAD software package, which aims to solve the two-dimensional drift-diffusion transport equations for electrons and holes using a finite-element approach. Table 2 shows the basic device parameters of the simulated Ga0.75In0.25Sb TPV cell.
Simulation Results and Discussions
In this section, the effects of device structures, minority carrier recombination and dislocations on device performances of Ga0.75In0.25Sb TPV cell were discussed in detail. Fig.2 presents the effects of active layer thickness on the ηcel. It shows that a higher ηcel can be obtained at a lower base thickness (HB) and a higher emitter thickness (HE). The reason for this structural feature can be attributed to the significant difference of the minority carrier diffusion length between P-Ga0.75In0.25Sb emitter and N-Ga0.75In0.25Sb base. Specifically, a smaller minority carrier mobility (see Table 1 ) in the base region often resulted in a smaller minority carrier diffusion length. Thus, a thicker emitter layer particularly tends to improve the collection efficiency of photon-generated carriers and consequently enhances the energy conversion efficiency. Fig.2 indicates that ηcel appears as a peak with HE, which can be attributed to the balance between the absorption rate of incident radiation (higher HE needed) and the carrier collection efficiency (lower HE needed). 
The Effects of Carrier Recombination and Shunt Resistance
Carrier recombination mainly affects the minority carrier lifetime and limits the JSC and VOC in TPV cell. Fig.3 illustrates the bulk minority carrier lifetime and its recombination components versus the doping concentration of Ga0.75In0.25Sb. It shows that the specific recombination process strongly depends on the doping concentration to influence the minority carrier lifetime. The SRH and Auger recombination play a main role at the low and high doping concentration, respectively. However, the Radiation recombination has little impact in the whole doping concentration range. Furthermore, the Radiative recombination is limited by the photon recycling factor (φ, e.g. reabsorption rate of photons emitted on a radiative recombination event). C A Wang et al [22] has been reported that to bound the active region of TPV cell with a back surface reflector can increase φ and decrease the radiation recombination rate. The device properties (JSC, VOC) determined by the individual bulk recombination mechanisms have been simulated and are presented in Figs.4(a) and (b) . JSC is related to the absorption rate of incident radiation (determined by active layer thickness) and the collection efficiency of photo-generated carriers (determined by carrier recombination). In this work, the 5μm thick active layer can absorb 95% of the incident radiation. As Fig.4(a) shows, the SRH recombination has little impact on JSC; and as the Auger and Radiative recombination lifetime decrease with NA, the collection efficiency reduces and the JSC drastically decreases in high NA range. In the low NA range, JSC is not affected by any of the carrier recombination, which means that the carrier diffusion length is much longer than the active layer thickness and that all of the photo-generated carriers can be collected efficiently. As depicted in Fig.4(b) , VOC exhibits more complex behavior depending on the carrier recombination and NA. VOC is mainly related to dark-current density(J0), which is determined by the minority carrier recombination. As the Auger and Radiative recombination lifetime increases with NA, J0 rises up, VOC falls down, and SRH limited VOC increases with NA, all of which are consistent with our previous works about the GaInAsSb TPV cell. In the low doping-concentration range, VOC does not change with NA, which can be attributed to the high-level injection, e.g. the photo-generated carrier concentration is much bigger than the majority carrier concentration. Compared to the solar cell, TPV cells are much more proximate to the radiator and possess a much higher incident radiation density. Consequently, it is easier for TPV cells to achieve a high-level injection. In this work, Ga0.75In0.25Sb gets into a high-level injection under a condition of NA≤10 , and the carrier recombination is mainly determined by photo-generated carriers. Therefore, VOC has not be affected by NA. In Fig.4(b) , VOC is dominated by the SRH recombination in the low NA range, and its effects can be reduced by decreasing the bulk dislocation density(Nt). In fact, the bulk dislocation can be eliminated by improving the material growth qualities. However, the Auger recombination is an intrinsic non-radioactive process for narrow-bandgap semiconductors such as GaInSb, which can be minimized, but not eliminated, by reducing the doping concentration and the absorber thickness. In concept, the high injection-level Auger recombination rate can determine the lowest possible non-radiative recombination rate and set an ultimate intrinsic material limit to the performance of the Ga0.75In0.25Sb TPV cell. , and the Bulk/Surface SRH recombination exerts strong effects on ηcel, especially in the low doping concentration range. In the lattice-mismatched Ga0.75In0.25Sb/GaSb material system, the dislocations can also decrease shunt resistance(Rsh) and limit ηcel. Thus, it is necessary to reduce dislocation density by improving material growth qualities so as to approach the intrinsic Auger-limited ηcel. The effects of these material quality related parameters on ηcel are presented in Fig.6 . As illustrated in Fig.6 , it needs a bulk dislocation density of Nt<4×10 
The Effects of Radiation Spectra
All above discussions are concentrated on Ga0.75In0.25Sb(0.5eV) TPV cell operated with a fixed radiation spectrum(e.g. the radiation temperature Trad=1200K and ε=0.9 in Table 2 ). In fact, the TPV device performances are also strongly affected by incident radiation spectra that determined by Trad and sub-bandgap photo recirculation efficiency as mentioned in Sec.2.2. Fig .7 presents the dependence of ηcel on Trad and the effects of the device parameters(e.g. the non-radiative carrier recombination, series resistance Rs and shunt resistance Rsh). In Fig.7(a) , all of the ηcel are increasing with Trad, which can be attributed to the increases of JSC, VOC, and FF with radiation temperature. The dependence of ηcel on Trad is strongly affected by series resistance(Rs) that mainly limits JSC, especially for the high Trad with a high incident radiation power density. Fig.8 presents the dependence of ηcel on Trad with the parametrically varied sub-bandgap photo recirculation efficiency(R). Increasing the value of R means that the excessive sub-bandgap energy photons that cannot be used by TPV cells will be reflected into the radiator, and then the ηcel can be improved significantly. In Fig.8 , on condition that Trad=1200K or 2000K, when R rises from 0% to 90%, the corresponding ηcel can be improved from 7% to 22% or from 20% to 30%, respectively. It means that the increase of ηcel with R is more significant for lower Trad, which can be attributed to the bigger percentage of sub-bandgap energy photons in radiation spectrum under a lower radiator temperature. 
Conclusions
In summary, the device properties were analyzed by considering the effects of device structures, minority carrier recombination, and incident radiation spectrum in the Ga0.75In0.25Sb TPV cell. A high injection-level Auger recombination rate can determine the lowest possible non-radiative recombination rate and set an ultimate intrinsic material limit to the performance of Ga0.75In0.25Sb TPV cell. Both Bulk/Surface SRH recombination and shunt resistance could exert strong effects on device performances, and those effects can be depressed by improving material growth qualities. It needs bulk dislocation density Nt<4×10 , surface recombination velocity S<2000cm/s, and shunt resistance Rsh>6Ω/cm 2 to approach the intrinsic Auger-limited ηcel for the investigated Ga0.75In0.25Sb TPV cell. The effects of incident radiation spectrum on the ηcel were analyzed in detail, and the results show that ηcel was improved significantly by increasing the temperature of radiator and the sub-bandgap photo recirculation efficiency. Regarding our investigated Ga0.75In0.25Sb TPV cell with Trad=1200K, the optimum active layer structures were 0.2-0.5μm n-type baser and 4.5-6μm p-type emitter with doping of 1-3×10 17 cm -3 , and the corresponding ηcel was improved from 7% to 22% by raising the sub-bandgap photo recirculation efficiency from 0% to 90%.
